When a masking sound is spatially separated from a target speech signal, substantial releases from masking typically occur both for speech and noise maskers. However, when a delayed copy of the masker is also presented at the location of the target speech ͑a condition that has been referred to as the front target, right-front masker or F-RF configuration͒, the advantages of spatial separation vanish for noise maskers but remain substantial for speech maskers. This effect has been attributed to precedence, which introduces an apparent spatial separation between the target and masker in the F-RF configuration that helps the listener to segregate the target from a masking voice but not from a masking noise. In this study, virtual synthesis techniques were used to examine variations of the F-RF configuration in an attempt to more fully understand the stimulus parameters that influence the release from masking obtained in that condition. The results show that the release from speech-on-speech masking caused by the addition of the delayed copy of the masker is robust across a wide variety of source locations, masker locations, and masker delay values. This suggests that the speech unmasking that occurs in the F-RF configuration is not dependent on any single perceptual cue and may indicate that F-RF speech segregation is only partially based on the apparent left-right location of the RF masker.
I. INTRODUCTION
When a target speech signal is masked by a second competing speech signal, two distinct types of masking interfere with the listener's ability to comprehend the target speech ͑Kidd et Freyman et al., 2001; Brungart et al., 2001; Arbogast et al., 2002͒ . The first is traditional "energetic" masking, which occurs when the masking speech overlaps in time and frequency with the target speech, thus rendering some of its acoustic elements undetectable. This type of masking is typically attributed to constraints in peripheral processing. The second is "informational" masking, which occurs when the listener has difficulty segregating the audible acoustic components of the target speech signal from the audible acoustic components of a perceptually similar speech masker. Informational masking is often attributed to more central auditory processing constraints. Multitalker speech stimuli may involve both informational and energetic masking components, so traditionally it has been very difficult to experimentally isolate the contributions of these two types of masking. However, a general assumption that has been employed in a number of recent studies on multitalker speech perception is that the masking that occurs when a speech signal is masked by random noise is purely energetic and, consequently, that the informational component of speech-on-speech masking can be indirectly evaluated by comparing the effects that different target and masker manipulations have on speech intelligibility with speech maskers to those that occur for random noise maskers ͑Haw-ley et Freyman et al., 1999; Brungart, 2001b; Brungart et al., 2001; Arbogast et al., 2002͒. Comparisons between speech and noise maskers can be particularly valuable in cases where a particular stimulus variation can be shown to influence performance with one type of masker but not the other type, thus allowing the effects of the stimulus change to be attributed entirely to one of the two types of masking. One example of stimulus manipulation that has consistently been shown to produce a large release from speech masking while at the same time having no measurable effect on noise masking is the precedence-based speech segregation paradigm first developed by Freyman et al. ͑1999͒ . That manipulation involves the addition of a delayed and spatially displaced copy of the masking signal that reduces the overall signal-to-noise ratio of the stimulus but causes the masker to appear to originate from a different spatial location than the target. The three basic conditions of this experimental paradigm are illustrated in Fig. 1 . The baseline condition is the F-F configuration, shown in the leftmost panel of the figure, where both the target and masking signals are presented from the same front loudspeaker. The middle panel depicts the F-R configuration, where the masking signal is moved 60°to the right of the listener. Predictably, this manipulation results in a substantial release from masking with both speech and noise maskers. However, when a 4-ms delayed copy of the 60°masker is then added back to the front loudspeaker ͑the F-RF configuration shown in the right panel of the figure͒, the resulting performance is no better than the F-F configuration when the masking sound is noise, but substantially better than the F-F configuration when the masking sound is speech. Freyman and his colleagues attributed this difference to the precedence effect causing listeners to perceive the RF masking stimulus lateralized well to the right of the front target. They believed that this difference in the apparent locations of the target and masking signals made it easier to segregate the similar-sounding target and masking voices in the speech masking conditions, but that it had no effect on the masking of speech by noise. However, they also acknowledged that other factors, such as a change in the apparent source width or timbre of the RF masker, might also have contributed to this effect.
Since this initial experiment ͑Freyman et al., 1999͒, the F-RF paradigm has been used to examine a variety of different target and masker stimulus configurations, including configurations with more than one masking voice, masking voices in foreign languages, modulated noise maskers ͑Frey-man et al., 2001, 2004͒, and, in at least one case, configurations with both the target and masking speech signals located in the listener's median plane ͑Rakerd and Aaronson, 2005͒. However, little effort has been made to systematically examine the effects that different stimulus parameters such as the masker delay value and the target location have on the release from masking that occurs in the F-RF paradigm, or to determine which perceptual cues are primarily responsible for this effect. In this paper, we present the results of a series of experiments that used virtual synthesis techniques to further explore the limitations inherent in the F-RF masking paradigm, and to determine which perceptual cues are primarily responsible for the speech unmasking that occurs in the F-RF configuration.
II. EXTENDING THE F-RF LISTENING PARADIGM TO VIRTUAL ACOUSTIC SPACE
To this point, most of the research that has examined speech segregation in the F-RF listening configuration has been conducted with stimuli generated by loudspeakers in a free-field environment. While such free-field experiments unquestionably have merit, they also introduce a host of potential complications, such as unwanted reflections off of equipment in the anechoic space and inadvertent subject head motion, which can make it difficult to determine the precise cues that listeners are using to perform the speech segregation task. Free-field studies also limit the range of possible stimulus presentations to those that can be physically realized from the configuration of loudspeakers used in the experiment. Consequently, many recent studies of speech perception have instead used digitally implemented headrelated transfer functions ͑HRTFs͒ ͑Wightman and Kistler, 1989͒ to generate headphone reproductions of the spatial auditory cues that normally occur in free-field listening ͑Crispien and Ehrenberg, 1995; Hawley et al., 1999 Hawley et al., , 2004 Drullman and Bronkhorst, 2000; Shinn-Cunningham et al., 2001; Brungart and Simpson, 2002a; Brungart et al., 2002; Brungart and Simpson, 2003; Best, 2004͒ . In this series of four experiments, virtual synthesis techniques were used to replicate and expand the experimental conditions reported in the original precedence-based speech segregation study by Freyman and his colleagues ͑1999͒.
A. General methods

Listeners
Eleven paid volunteer listeners, five male and six female, participated in the experiments. All had normal hearing ͑Ͻ15 dB HL from 500 Hz to 8 kHz͒, and their ages ranged from 19 to 55 years. All of the listeners had participated in previous experiments with the same speech materials used in this study.
Stimuli
a. Speech materials. The speech stimuli were taken from the publicly available Coordinate Response Measure ͑CRM͒ speech corpus for multitalker communications research ͑Bolia et al., 2000͒. This corpus, which has been shown to be particularly sensitive to the effects of informational masking ͑Brungart, 2001b͒, consists of phrases of the form "Ready ͑call sign͒ go to ͑color͒ ͑number͒ now" spoken with all possible combinations of eight call signs ͑"arrow," "baron," "charlie," "eagle," "hopper," "laker," "ringo," "tiger"͒, four colors ͑"blue," "green," "red," "white"͒, and eight numbers ͑1-8͒. Thus, a typical utterance in the corpus would be "Ready baron go to blue five now." Eight talkers ͑four male, four female͒ were used to record each of the 256 possible phrases, so a total of 2048 phrases are available in the corpus. Variations in speaking rate were minimized by instructing the talkers to match the pace of an example CRM phrase that was played prior to each recording. The phrases were time-aligned to ensure that the word "ready" started at the same time in all the speech signals in the stimulus, but no additional efforts were made to synchronize the call signs, colors, and numbers in the competing CRM phrases. Note that all of the phrases in the CRM corpus have been processed with an 8-kHz low-pass filter, and that in this experi- ment their sampling rate was reduced from 40 to 25 kHz in order to minimize the processing time required between consecutive stimulus presentations.
b. Speech-shaped noise. Some conditions of the virtual synthesis experiments employed a speech-shaped noise masker rather than a normal-speech masker from the CRM corpus. The spectrum of this speech-shaped noise masker was determined by averaging the log-magnitude spectra of all of the phrases in the CRM corpus.
1 This average spectrum was used to construct a 71-point, 25-kHz finite impulse response ͑FIR͒ filter that was used to shape Gaussian noise to match the average spectrum of the speech signals ͑Brungart, 2001a͒.
Spatial processing
The stimuli were processed with head-related transfer functions ͑HRTFs͒ that were designed to simulate the 0°and 60°source locations used in the earlier free-field experiment by Freyman and colleagues ͑1999͒. These HRTFs were derived from measurements that were made every 1°in azimuth in the horizontal plane with a compact sound source located 1 m away from a Knowles Electronics Manikin for Acoustic Research ͑KEMAR͒ ͑Brungart and Rabinowitz, 1999͒. The raw HRTFs were corrected for the response of the headphones used in the experiment ͑Sennheiser HD-540͒ and used to construct 251-point, 44.1-kHz linear-phase FIR filters matching the magnitude and phase responses of the original HRTFs over the frequency range from 100 Hz to kHz. These filters were then resampled to the appropriate sampling frequency 2 and convolved with the target and masker stimuli to simulate the 0°and 60°source locations tested in this experiment. This HRTF processing procedure has been described in greater detail in an earlier paper by Brungart and Simpson ͑2002b͒.
Spatial configurations
The HRTFs were used to spatially process the stimuli to replicate three of the free-field spatial configurations tested by Freyman and colleagues ͑1999͒, as illustrated at the top of Fig. 1 . In the F-F configuration ͑left panel͒, both the target phrase and the masker were processed with the left and right ear HRTFs measured at 0°azimuth. In the F-R configuration, the target was processed with the left and right ear HRTFs measured at 0°and the masker was processed with those measured at 60°. In the F-RF configuration, the target and masker were processed as in the F-R condition, and an additional copy of the masker was shifted in time ͑delayed or advanced͒, processed with the HRTF measured at 0°, and added into the stimulus.
Procedure
The data were collected with the listeners seated in front of the CRT of a Windows-based control computer in one of two quiet, sound-treated listening rooms. Prior to each trial, the control computer randomly selected a target phrase from the 128 phrases in the corpus that were spoken by a male talker and contained the call sign "Baron" ͑4 talkers ϫ 4 colorsϫ 8 numbers= 128͒. Then, in the conditions with a speech masker, a masking phrase was randomly selected from the 441 phrases in the corpus that were spoken by a different male talker than the target phrase and contained a different color, number, and call sign ͑3 talkers ϫ 7 call signsϫ 3 colorsϫ 7 numbers= 441͒. In the conditions with a noise masker, a speech-shaped noise was constructed that was the same length as the target phrase. The overall rms levels of these target and masking wave forms were then scaled to produce one of five different signal-tonoise ratios ͑SNRs͒: −8, −4, 0, +4, and +8 dB with the speech masker, and −16, −12, −8, −4, and 0 dB with the noise masker.
3 Finally, the scaled target and masking signals were convolved with the appropriate HRTFs to replicate the appropriate spatial configurations and played to the listeners over headphones at a comfortable listening level ͑roughly 70 dB SPL͒ through a D/A converter ͑TDT RP2͒ connected to a headphone buffer ͑TDT HB7͒. The listener's task in each trial was to listen for the target phrase containing the call sign "Baron" and respond by using the mouse to select the color and number contained in that target phrase from an array of colored digits displayed on the screen of the control computer.
B. Experiment 1: Precedence-based speech segregation in virtual acoustic space
The first virtual-synthesis experiment was designed to replicate the conditions that Freyman and colleagues ͑1999͒ first used to examine precedence-based speech segregation.
Methods
A total of 30 different conditions were examined in the experiment, including all combinations of three spatial configurations ͑F-F, F-R, and F-RF as shown in Fig. 1͒ , two masker types ͑speech and speech-shaped noise͒, and five signal-to-noise ratios ͑−8 to + 8 dB in 4-dB steps for the speech masker, and −16 to 0 dB in 4-dB steps for the noise masker͒. The data were collected in blocks of 60 trials with the same spatial configuration in every trial of a block, and each listener completed 4 blocks in each spatial configuration with each type of masker. The order of the blocks was randomized across the different listeners.
Results
The overall results of Experiment 1 are shown in Fig. 2 . The left panel of the figure shows the percentage of correct color and number responses as a function of SNR for the speech masker. The right panel shows the same data as a function of SNR for the noise masker. In each case, the error bars represent the 95% confidence intervals calculated from all the raw data at each data point.
In general, the results were consistent with those of the earlier experiments by Freyman and colleagues that have tested similar listening configurations with different kinds of speech stimuli ͑Freyman et al., 1999, 2001͒. In the speech masker condition, the addition of the delayed copy of the masking signal in the F-RF condition improved performance significantly relative to the baseline F-F condition at all SNR values between −4 and +4 dB ͑comparing the squares and triangles in the left panel of Fig. 2͒ ͓Tukey HSD post-hoc test, p Ͻ 0.05͔, while in the noise masker condition, there was no difference between the F-RF and F-F conditions at any SNR value ͑comparing the same points in the right panel of the figure͒.
There is, however, one important distinction between these data and the earlier data. In this experiment, performance in the F-RF condition with the speech masker was nearly as good as it was in the F-R condition, while, in the original experiment, performance in the F-RF condition fell roughly halfway between the F-R and F-F conditions ͑Frey-man et al., 1999͒. This difference probably occurred because the CRM sentences used in this experiment were substantially less sensitive to the energetic component of speech-onspeech masking than the nonsense sentences used in the 1999 study. Because the CRM uses a very small vocabulary of only four colors and eight numbers, there are many phonetically redundant differences between the keywords in the CRM task that make it less sensitive to the effects of energetic masking than most other speech intelligibility tests ͑Brungart, 2001a͒. Indeed, in this experiment, CRM performance with a noise masker in the F-F configuration was near 100% when the SNR was 0 dB ͑right panel of Fig. 2͒ . In comparison, the nonsense sentence task used by ͑Freyman et al., 1999͒ produced only about 75% correct responses in the same configuration. If one assumes that speech-on-speech masking consists of both an informational component that is reduced by the F-RF configuration and an energetic component that is unaffected by the F-RF configuration, then it is not surprising that the F-RF configuration caused a greater release from masking with the CRM used in this experiment ͑which produces a relatively slow decrease in performance at negative SNR values with a noise masker͒ than with nonsense sentences used in the 1999 experiment ͑which produced a much more rapid decrease in performance at negative SNR values͒.
Other than this difference in the magnitude of the F-RF masking release for the speech maskers, the results of Experiment 1 indicate that the effects of precedence-based speech segregation in virtual acoustic space are comparable to those that have been reported in earlier free-field experiments. In part, this result can be viewed as a verification that the virtual synthesis techniques and CRM speech materials used in Experiment 1 were adequate to capture the acoustic cues that the listeners were using to perform the F-RF speech segregation task in the free field. However, the result can also be viewed as a verification that the free-field results were indeed based on the direct acoustic interactions between the F and RF target and masking signals, and not on some spurious acoustic cues generated by unwanted room reflections or inadvertent listener head movements.
C. Experiment 2: Variations in delay value
Once our virtual synthesis techniques were validated in Experiment 1, the next logical step was to expand the virtual synthesis technique to examine new stimulus conditions that might provide some insight into the perceptual cues listeners use to segregate the target and maskers in the F-RF condition. Specifically, the technique was used to evaluate how the precedence-based masking release varied with the delay introduced between the F and R copies of the masking signal. In the 1999 experiment, Freyman and colleagues examined only two delay values between the masker presentations at the front and right speaker locations: a 4-ms lead at the right loudspeaker, which, due to the precedence effect, should have produced the illusion that the masking talker was located near 60°, and a 4-ms lag at the right loudspeaker which produced the illusion that the masking talker was located near the target location at 0°. Somewhat surprisingly, the results showed little difference between performance in these two configurations, despite the apparently much smaller spatial separation between the target and masker locations in the F-FR configuration. Experiment 2 was conducted to extend this experiment to a broader range of delay values and determine more generally how F-RF speech segregation varies with the delay value introduced between the two masking loudspeaker locations.
Methods
Experiment 2 was conducted to extend the results of the 0-dB SNR F-RF speech-masking condition of the first experiment to delay values other than the 4-ms value tested by Freyman and colleagues ͑1999͒. Thus a total of 14 different delay conditions were tested in the experiment: 12 different delay ͑⌬͒ values ͑−64, −4, −0.5, 0, 0.5, 1, 2, 4, 8, 16, 32, and 64 ms͒ plus the F-R and F-F control conditions. In this context, note that negative delay values imply that the 0°copy of the masker occurred before, and not after, the masker at 60°͑ a condition that has previously been referred to as the F-FR condition͒.
This range of delays was selected to cover the entire span of values that have traditionally been associated with the precedence effect. According to Blauert ͑1983͒, the delays of −0.5, 0 and +0.5 ms are in the range of "summing localization," where the auditory image is perceived to be between the two loudspeakers at a position dependent on the delay and the details of the stimulus. At delays of 1 ms and greater, the auditory image is heard very close to the leading Fig. 1 . In each case, the masker delay value ͑⌬͒ was fixed at +4 ms. Each data point represents a total of 48 trials from each of the 11 listeners in the experiment. The error bars show 95% confidence intervals calculated from all the raw data at each data point.
loudspeaker consistently across stimuli, the phenomenon known as the "law of the first wavefront" or precedence effect ͓see Litovsky et al. ͑1999͒ for a review͔. Detailed measurements reveal that the image is often pulled slightly toward the location of the lag loudspeaker. This small contribution of the lag toward the perceived location of the image has been quantified for several different stimuli by Shinn-Cunningham et al. ͑1993͒, and is generally found to be between 0 and 20%, compared with 80%-100% for the lead. At sufficiently long delays, the image breaks up into the original sound plus an "echo." The delay at which this transition occurs, the "echo threshold," is dependent both on the stimulus characteristics and on the instructions given to the subject ͓see Blauert ͑1983͒, pp. 223-231͒. For speech stimuli, an estimate of 20 ms is provided in Blauert ͑1983͒ from the experiment of Cherry and Taylor ͑1954͒. Thus, the delays selected for the current study span the entire range of delays from summing localization, to precedence, to delays at which two images are likely to be perceived.
Each of the 14 delay conditions was tested with three different masking signals: ͑1͒ A one-talker speech masker, which was similar to the 0-dB SNR speech masker from Experiment 1 but with the masking phrase spoken by the same talker as the target phrase to make the baseline F-F condition more difficult. ͑2͒ A two-talker speech masker, where the masker consisted of a mixture of two randomly selected CRM phrases spoken by the same talker as the target phrase, with the rms level of each individual masking phrase scaled to match the overall rms level of the target speech. ͑3͒ A noise masker, identical to the −8-dB SNR noise-masking condition of Experiment 1. Data collection in each masking condition was divided into 56-trial blocks, with four replications of each delay condition in each block, and 12 blocks of trials collected from each listener in each condition. The data were first collected in the one-talker speech masker condition with the same 11 listeners used in Experiment 1. Data were then collected in the two-talker speech masker condition and the noise masker condition with a different panel of 10 listeners. 
Results
The results of Experiment 2 are shown in Fig. 3 , which plots the percentage of correct color and number identifications as a function of the onset delay ͑⌬͒ of the front ͑F͒ masker relative to the onset time of the right ͑R͒ masker for each type of masker. For comparison purposes, the 95% confidence intervals for the F-R and F-F control conditions are shown by the gray regions at the top and bottom of each panel.
a. Noise masker. The top panel of the figure shows the results from the noise masking condition of the experiment, where performance in the task was presumably driven primarily by energetic masking effects. At most of the delay values tested, performance was as bad or worse in the F-RF configuration as it was in the baseline F-F configuration. However, significant releases from masking did occur ͑i.e., performance was significantly better than in the F-F configuration͒ when the delay was set to −0.5, +1.0, or +2.0 ms ͑Tukey HSD post-hoc test, p Ͻ 0.05͒.
A priori, one might expect more energetic masking to occur in the F-RF configuration than in the F-F configuration because the addition of the second masking stimulus ͑the masker presented at 60 deg to the right͒ increases the total energy in the masking stimulus. However, the addition of the delayed right side masker can in some cases improve performance when it produces periodic comb-filtered "notches" in the spectrum of the masker ͓with center frequencies spaced every ͑1/⌬͒ Hz in the frequency spectrum starting at ͑1/2⌬͒ Hz͔ that allow the listener to get glimpses of the target speech signal in one or both ears. These notches can be particularly useful if they occur at different frequencies in the listener's two ears because listeners are known to be able to benefit from the ear with the highest SNR within each frequency band ͑Zurek, 1993͒. However, the practical advantages of these comb-filtered notches in the masker spectrum FIG. 3 . Percent correct color and number identifications in the F-RF configuration of Experiment 2 as a function of the delay value ⌬. The top, middle, and bottom panels show performance in the noise masker, onetalker speech masker, and two-talker speech masker conditions of the experiment. Each data point represents a total of 48 trials from each listener in the experiment. The error bars show 95% confidence intervals calculated from all the raw data at each data point, and the gray bands at the top and bottom of the figure show the 95% confidence intervals from the F-R and F-F control conditions. are limited to a relatively small range of masker delay values. When the delay value ⌬ is very high ͑ജ4 ms͒ or very low ͑ഛ−4 ms͒, the comb-filtered notches are spaced so closely together in frequency that they cannot be resolved within a single critical band. This explains why no release from masking is seen for the high or low delay values in Fig.  3 . There are also certain delay values that cause the initial and delayed copies of the masker to arrive at one of the listener's ears at the same time, thus producing a constant decrease in the effective SNR value at all frequencies in that ear. In the stimuli used in this experiment, an in-phase combination of the front and right copies of the masker occurred in the listener's right ear when the delay value was 0 ms, and in the listener's left ear when the delay value was +0.5 ms ͑which almost exactly matched the interaural time delay in the 60°HRTF used in this experiment͒.
In order to determine the extent to which the binaural integration of the signal from the ear with the best SNR within each critical band could explain the general pattern of performance seen in the top panel of Fig. 3 , the target and masking HRTFs used in each delay condition of Experiment 2 were convolved with speech-shaped noise and processed with a 50-band ERB filterbank ͓using the MATLAB functions in the Auditory Toolkit ͑Slaney, 1998͔͒. The resulting output signals were used to determine the SNR in the better-ear within each frequency band; these values were averaged across all the bands to determine the mean better-ear SNR ratio for each delay condition. The resulting values, plotted in Fig. 4 , indicate a pattern of performance that is nearly identical to the one seen in the top panel of Fig. 3 . This strongly suggests that better-ear SNR effects are primarily responsible for the release from masking seen at the −0.5, +1.0, and +2.0-ms delay values of Experiment 2.
b. One speech masker. The middle panel of Fig. 3 shows performance in the single speech masker condition of Experiment 2. These results indicate that substantial releases from masking occurred across a broad range of delay values in the F-RF spatial configuration when the masker was speech. Performance was in excess of 90% correct responses at delay values ranging from −4 ms to as high as +16 ms. Some release from masking still occurred at +32 ms, but little or no release occurred at ±64 ms. Subjective listening by the experimenters indicated that the initial and delayed copies of the masker sounded like they were spoken by two different spatially separated talkers in the ±64 ms conditions, suggesting that the fusion of the echoed masking phrase may have broken down at those delay values. Note that in Experiment 2 the same talker was used for both the masker and the target, resulting in a decrease in performance in the baseline F-F condition of the experiment to roughly 60% correct responses as compared to roughly 80% in Experiment 1. Similar results have been reported in other two-talker experiments using the CRM stimuli ͑Brungart, 2001b͒.
c. Two speech maskers. The bottom panel of Fig. 3 shows performance in the two speech masker condition of Experiment 2. This condition was much more difficult than the single-masker condition, and led to substantially worse performance in the F-F condition ͑30%͒ as compared to performance in the same condition with only one masker ͑roughly 60%͒. This increased difficulty also resulted in a much larger variation in performance with the delay value of the masker than the one-masker condition, suggesting that performance in the one-masker condition of the experiment may have been limited by a ceiling effect. In the two-masker condition, performance was best when the delay value was equal to 1 ms, where it was significantly better than for all other delay values less than 0 ms or greater than 4 ms but still significantly worse than in the F-R control condition ͑Post-hoc Tukey HSD test, p = 0.05͒. When the delay was set to 0.5 ms, performance was significantly worse than when the delay was 0 ms or 1 ms ͑Tukey HSD, p Ͻ 0.05͒. This dip in performance was probably related to the increase in energetic masking that occurred at that delay value ͑e.g., see top panel of Fig. 3 and Fig. 4͒ . As in the one-masker condition, the results of the two-masker condition show that the F-RF listening configuration produces a release from speech-onspeech masking across a broad range of delay values, spanning from −4 to + 32 ms.
d. Discussion. One of the most compelling aspects of the original experiment by Freyman and colleagues ͑1999͒ was that the F-RF configuration produced a substantial increase in performance with a speech masker but no increase in performance ͑or even a slight decrease in performance͒ with a noise masker. This made it possible to attribute the entire release from masking that occurred in the F-RF configuration with a speech masker to a release from informational, rather than energetic masking. Although the results in Fig. 3 , along with those of a similar experiment conducted in the free field by Rakerd and Aaronson ͑2004͒, clearly suggest that the F-RF configuration produces a significant release from masking across a broad range of delay values, it is equally clear that a release from energetic masking can account for part of this effect at some delay values ͑−0.5, +1, and +2 ms in this case͒. Thus it is only possible to argue that the release from masking in the F-RF configuration is a purely informational effect at a subset of the delay values tested in Experiment 2. However, even if we exclude those delay values where significant releases from energetic masking may have occurred, it is apparent that the release from informational masking in the F-RF condition with a speech masker extends over a much wider range of delay values than the ±4-ms values that have previously been examined by Freyman and colleagues ͑1999, 2001͒. Furthermore, the results show relatively little difference in performance between the +4-ms condition, where there was a time lead in the right copy of the masker and precedence presumably should have shifted the apparent location of the masking voice toward 60°and away from the location of the target talker, and the −4-ms condition, where there was a lead in the front copy of the masker and precedence presumably should have shifted the apparent location of the masking voice toward the target talker ͑Blauert, 1983͒. Yet, despite the relatively large predicted difference in the apparent spatial separation of the target and masking talkers in these two conditions, there was effectively no difference between the +4-and −4-ms conditions in the one-talker masking condition, and only about a 12 percentage point advantage in the +4-ms condition in the two-talker masking condition. This result could potentially be explained in either of two ways ͑Freyman et al., 1999͒: ͑1͒ The F-RF segregation is based on indirect source cues like apparent "source width" or nonspatial cues like timbre that are not directly related to apparent location in the horizontal plane; or ͑2͒ even when the delay value was −4 ms, the RF masker appeared to be displaced far enough to the right of the 0°target speaker to allow the listener to successfully segregate the target and masking talkers. If the latter argument is true and the F-RF segregation occurs because the target talker is heard at 0°and the masking talker is heard between 0°and 60°, then one might expect the F-RF segregation cue to break down if the location of the target talker were laterally shifted to match the apparent location of the RF masker. Experiment 3 was conducted to test this hypothesis explicitly.
D. Experiment 3: Variations in target location
Methods
Subjectively, the most salient difference between the F-F stimuli and the F-RF stimuli is that the masker in the F-RF configuration appears to originate from a spatial location somewhere between the front and right loudspeaker locations. This suggests that the RF masker might interfere more with a target signal located somewhere between 0°and 60°t han it does with the 0°target in the standard F-RF configuration. In Experiment 3, this hypothesis was tested by varying the HRTFs used to process the target stimulus to move its apparent azimuth location from 0°to 60°in 5°increments ͑left panel of Fig. 5͒ . The delay in the RF masker was set to one of seven different values: −4, −1, −0.5, 0, 0.5, 1, and 4 ms. As in Experiment 2, the same talker was always used for both the target and masking phrases, and the experiment was conducted with three different kinds of maskers: a speech-shaped noise masker at a SNR value of −8 dB, a single-talker speech masker at a SNR value of 0 dB, and a two-talker speech masker with the rms level of each interfering talker set to match the rms level of the target speech. The experiment was divided into 52-to 78-trial blocks, with two to three different delay values within each block. Data were collected first in the single-talker speech masking condition with 9 of the 11 listeners used in Experiment 1. They were then collected in the two-talker speech masker condition and the noise masker condition with the 10 listener panel used in the corresponding conditions of Experiment 2. In all, a total FIG. 5 . Percent correct color and number identifications in the configurations of Experiment 3 with a RF masker and a target that varied in location from 0°t o 60°͑as illustrated at the left-hand side͒. The top row shows results from the noise masker condition, the middle row shows the single speech masker condition, and the bottom row shows two talker speech masker condition. The error bars show 95% confidence intervals calculated from all the raw data in each bin.
of 24 trials were collected with each listener at each of the 72 combinations of target location, masker delay value, and masker type tested in the experiment.
Results and discussion
The results from the individual listeners in each masking condition of Experiment 3 were subjected to a repeatedmeasures analysis of variance on the two factors of target angle and delay value. These ANOVAs revealed significant main effects of both target angle and delay value, and a significant interaction between these factors, in all three of the masking conditions of the experiment ͑p Ͻ 0.001͒. Figure 5 plots the percentage of correct color and number identifications in Experiment 3 as a function of the angle of the target talker for each of the seven values of the delay ⌬ tested in the experiment. The top panel of the figure shows performance in the condition with a noise masker. In this condition, it is apparent that the delay value had a substantially greater impact on performance than target location: performance was universally good ͑i.e., better than the F-F baseline condition͒ when the delay value was −1, −0.5, or +1 ms, and was almost always as bad as, or worse than, the F-F control condition when the delay value was −4, 0, +0.5, or +4 ms. This pattern of predicted performance is generally consistent with the one found for the noise maskers in Experiment 2, and it probably reflects variations in the effective better-ear SNR across the different delay values tested in the experiment.
The middle panel of Fig. 5 shows performance in the single-masking talker condition of Experiment 3. As in Experiment 2, these results show that the listeners performed extremely well in almost every condition. Even in the worst case tested, where the delay was set to 0 ms, performance never fell below 80% correct responses. Furthermore, the 0 ms condition was the only one where the target angle seemed to have any meaningful effect on performance.
Target talker location did, however, have a significant effect on performance in the two-masking-talker condition, which is shown in the bottom panel of Fig. 5 . In that masking condition, target location had a substantial greater effect on performance than in the single speech masker condition for every delay value tested. This suggests that a ceiling effect, rather than a true lack of perceptual sensitivity, may have accounted for the relatively angle-independent performance that occurred at most delay values in the single-talker masking condition. Furthermore, the two-talker masking results seem to support the hypothesis that speech segregation in the F-RF configuration is influenced in part by differences in the apparent locations of the target and masking talkers. In the conditions with a leading front masker ͑negative delay value͒, for example, where the listeners should have heard the interfering talkers somewhere near to the front masker location, performance was consistently 20 percentage points better when the target was located near 60°than when it was located near the front. Similarly, when the masker from the right led ͑delay values greater than or equal to 1 ms͒, where the listeners should have heard the masking talkers somewhere near 60°, they performed roughly 20 percentage points better when the target talker was located toward the front than when it was located toward the side. Both of these results support the notion that listener performance in the F-RF listening configuration is influenced by the spatial separation between the apparent locations of the target and masking speech signals. In the negative delay configurations, there is also some indication that a local minimum occurred in the performance curve at a location slightly to the right of target speech signal ͑located at 10°in the −4 ms delay condition and at 15°in the −1-ms condition͒. Although we did not measure the perceived locations of the masking talkers in these conditions, these minima might represent the points where the apparent location of the target matched the apparent location of the masker.
The most puzzling results are those associated with delays of 0 and 0.5 ms. In these conditions, one would expect summing localization to cause the masking talker to appear to be located somewhere near the midpoint of the 0°and 60°m asker locations, and the local minima in performance that occurred near 30°in those two conditions are consistent with this. However, these conditions also produced U-shaped performance curves in the noise-masker condition, suggesting that energetic masking effects might also have contributed to the decrease in performance that occurred at intermediate target locations in these conditions. At the present time, it is simply not possible to determine the relative contributions that informational and energetic masking might have made to the performance curves in these conditions of the experiment.
E. Experiment 4: An F-FF listening configuration
Although the results in the two-masker condition of Experiment 3 suggest that the apparent location of the F-RF masking voice played an important role in helping the listener segregate the target speech signal from the masking stimulus, the results in the one-masker condition were nearly perfect in the conditions with a nonzero delay value regardless of the actual location of the target speech. This strongly suggests that the delayed copy of the masker that was added to the stimulus in the F-RF listening configurations provided some segregation cues that were not directly related to the apparent lateral locations of the competing talkers. For example, the addition of a delayed copy of the masker may have changed the apparent width of the masking voice or it may simply have changed the timbre of the masking voice enough to help distinguish it from the target voice. Experiment 4 was conducted to determine whether some release from masking might still occur in the single-talker masking condition even when the potential spatial location cues were minimized by placing both the original and delayed copies of the masking signal at the same location as the target speech ͑as illustrated in the left panel of Fig. 6͒ .
Methods
A total of ten conditions were tested in this experiment: an F-FF configuration with each of nine different delay values ͑0, 0.25, 0.5, 1, 2, 4, 16, 32 , and 64 ms͒ plus the standard F-F baseline condition. As in Experiments 2 and 3, the data were all collected at a SNR value of 0 dB, and the same talker was always used for both the target and masking phrases. The data were divided into blocks of 54-66 trials, with each of the 11 listeners participating in 48 trials in each of the 10 conditions of the experiment.
Results
The results for each of the 10 conditions of Experiment 4 are illustrated in Fig. 6 . As in Fig. 3 , the shaded region indicates the 95% confidence interval of the baseline FF condition. Although the effect is relatively small, the results clearly show that there was some improvement in performance when an additional copy of the masker was added at the same location as the target signal. A one-factor, withinsubject ANOVA on the individual results of the 11 listeners in each condition revealed that the main effect of delay was significant ͑F ͑9,81͒ = 19.0, p Ͻ 0.0001͒ and a post-hoc test ͑Tukey HSD͒indicated that the F-FF conditions with delay values of 0 -1 ms and 4 ms all produced a significant increase in performance relative to the baseline F-F configuration. In the 0-ms delay condition, the addition of the second copy of the masking signal effectively produced a uniform 6 dB reduction in the SNR value of the stimulus. Such a reduction in SNR would always lead to a monotonic decrease in performance with a noise masker, so the increase in performance that occurred in the 0-ms F-FF condition in this experiment cannot be explained by a release from energetic masking. A more likely explanation is that the 6-dB level difference reduced the effects of informational masking by allowing the listener to selectively focus attention on the quieter talker in the stimulus. Although it is not clear what strategy the listeners were using in the 0.5-, 1-, and 4-ms delay conditions, it is apparent that the available segregation cues in the F-FF configuration are much weaker than those in the F-RF configuration: performance with a single speech masker never exceeded 72% in the F-FF configuration, while performance in the F-RF configuration was better than 80% in the worst condition tested ͑with a 0-ms delay value and the target talker at 30°͒ and better than 90% in almost every other condition tested. Thus it seems that spatial separation of the two masking signals is necessary to obtain a substantial speech segregation benefit from the addition of second copy of the masker in the F-RF configuration.
III. SUMMARY AND CONCLUSIONS
In this series of experiments, we have explored the release from masking that occurs when a time-advanced or delayed, spatially offset copy of the interfering voice͑s͒ are added to a stimulus containing two or three spatially colocated competing speech signals. Knowledge about the release from masking that occurs when this second copy of the masker is added was extended in several ways.
First, the effect, previously tested only with nonsense target sentences recorded by one individual female talker, has been extended to a new set of stimuli ͑the CRM corpus͒ that utilized four different male talkers. The release from masking due to the precedence-based masker was, if anything, clearer with these stimuli, and nearly equal to the improvement obtained by simply moving a single-source masker away from the target location ͑Fig. 2, left͒. This is presumably attributable to the large informational component and small energetic component in the masking of one CRM utterance by another ͑Brungart, 2001a, 2001b͒.
Second, the release from masking effects for speech-onspeech masking, and the lack of effect for noise maskers ͑Fig. 2, right͒ were extended to conditions in which the spatial manipulations were created virtually and the stimuli were presented via headphones. This eliminated the possibility that the original effects were spurious, due to head movements or reflections off equipment in an anechoic room.
Third, the release from masking was found to be extremely robust with respect to the delay of the second copy of the masker ͑Fig. 3, middle and bottom panels͒. Release from masking was observed with the delay in the summing localization range ͑e.g., 0 or 0.5 ms͒ and across a wide range of delays in the precedence range ͑1-16 ms͒. The only delays at which an effect was not observed were at ±64 ms, where it is assumed that fusion of the two-source masker into a single image broke down. At this long delay it is likely that the masker was perceived to be at two locations, one in the front ͑matching the target͒ and one near the 60°loudspeaker.
Fourth, while the absence of energetic masking release at the ±4-ms delays used by Freyman et al. ͑1999͒ was confirmed, at some other delays the release from energetic masking was quite substantial ͑Fig. 3, top panel͒. This release from masking was probably due to improvements in signal- FIG. 6 . The left panel depicts the F-FF configuration used in Experiment 4, in which the original and delayed copies of the masking signal were added together and presented from the same location as the target speech ͑0°͒. The right panel shows the percent correct color and number identification scores for each delay value tested in the experiment. Each data point represents 48 trials from each of the 11 listeners, and the error bars show 95% confidence intervals calculated from all the raw data in each bin. The gray area shows the 95% confidence interval of the baseline F-F condition of the experiment.
to-noise ratio created by comb filtering ͑Fig. 4͒. Thus, it cannot be assumed without measurement that improvements in speech recognition resulting from the addition of a copy of the masker are, in general, entirely attributable to a release from informational masking.
Fifth, with regard to conditions in which it was clear that the addition of a second masker location produced a release from informational masking, the current data confirm that differences in perceived location between target and masker often play an important role. This was most obvious in the more difficult two-masking talker conditions where it was found that speech recognition depended on target location in a manner generally consistent with the assumed differences in target-masker perceived location ͑Fig. 5, bottom͒.
Finally, in less difficult conditions of the experiment ͑i.e., those with a single masking talker͒, it is not clear that perceived spatial separation was required to achieve a release from informational masking. Considerable release from masking was found even when a single-source target was moved through the range of angles assumed to include the perceived locations of the two-source maskers ͑Fig. 5, middle͒. This suggests that the two-source masker was relatively easy to distinguish from the single-source target even when both the target and masking auditory images originated from approximately the same apparent location. However, spatial separation between the two copies of the RF masker did seem to play a significant role in the precedence-based unmasking effect-relatively little release from masking occurred in Experiment 4 where the original and delayed copies of the single-talker masker were presented at the same location as the target speech ͑Fig. 6͒. These results seem to indicate that some spatial attribute of the RF masker other than its apparent location ͑perhaps its apparent spatial width͒ was sufficient to produce a high level of performance in the single-talker masking conditions of the experiment.
ACKNOWLEDGMENTS
Portions of this research were funded by AFOSR Grant No. HE-01-COR and NIDCD Grant No. DC01625. 1 Note that this included the four female talkers, who were not used in these experiments, so one might expect the noise to have a slightly greater highfrequency emphasis than our speech stimuli.
2
The sampling frequency used in the experiment was 25 kHz, but through a technical oversight the KEMAR HRTFs used for the convolution were inadvertently resampled to 22.05 kHz. The effect of this resampling was to scale down the effective size of the KEMAR manikin by 12%. While this certainly caused a change in the HRTFs relative to those of an unscaled KEMAR manikin, the magnitude of this change was within the range that would be expected to occur due to size variations in a population of real human listeners ͓Algazi, et al. ͑2001͒, for example, measured variations in 24 anthropomorphic parameters in 45 listeners and found an average percentage standard deviation of ±13%͔. Thus, the rescaling that occurred was practically equivalent to selecting nonindividualized HRTFs measured on an arbitrarily selected human head that was slightly smaller than that of the KEMAR manikin. For reference, note that the intertragal distances of the 11 subjects used in this experiment ranged from 12.3 to 14.4 cm, compared to 14 cm with the standard KEMAR manikin and 12.6 cm for the effectively rescaled KEMAR manikin used in this study.
